We have quantitatively studied the spin-orbit torque purely generated by the spin Hall effect in a wide range of temperatures by intensionally eliminating the Rashba spin-orbit torque using Pt/Co/Pt trilayers with asymmetric thicknesses of the top and bottom Pt layers. The vanishingly small contribution from the Rashba effect has been confirmed through the vector measurements of the current-induced effective fields. In order to precisely determine the value of the spin Hall torque, the complete cancelation of the spin Hall torque has been verified by fabricating symmetric Pt/Co/Pt structure on SiO 2 and Gd 3 Ga 5 O 12 (GGG) substrates. Despite of the complete cancelation on the GGG substrate, the spin Hall torque cannot be completely canceled out even when the top and bottom Pt layers have same thicknesses on the SiO 2 substrate, which suggests that Pt/Co/Pt trilayers on a GGG substrate is a suitable system for precise measurements of the spin Hall torque. The result of the vector measurements on Pt/Co/Pt/GGG from 300 to 10 K shows that the spin Hall torque is almost independent of temperature, which is quantitatively reproduced under the assumption of the temperature-independent spin Hall angle of Pt.
I. INTRODUCTION
Magnetization switching manipulated by current in nano-scale films is promising for the future spintronic-based memory and logic devices due to its low energy consumption and high-speed response, which has attracted robust research interests in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Typically, in oxide/ferromagnetic metal (FM)/non-magnetic heavy metal (NM) trilayers with perpendicular magnetic anisotropy, by injecting in-plane current into the NM layer with strong spin-orbit coupling, spin-orbit torque (SOT) is generated through the Rashba effect and spin Hall effect (SHE), then transferred into the FM layer, leading to the efficient switching of the magnetization orientation in the FM layer [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . In the above oxide/FM/NM material systems, two types of SOTs are responsible for the magnetization switching, the damping-like (Slonczewski) torque with the form of τ D ∝ m × (σ × m) and the field-like torque with the form of τ F ∝ m × σ, where m and σ are unit vectors of the magnetization in the FM layer and nonequilibrium spin polarization direction in the NM layer, respectively [18, 25] . Equivalently, the two kinds of torques yield to a dampinglike effective field H D ∝ σ × m and a field-like effective field H F ∝ σ, respectively. The damping-like torque, which counteracts magnetization damping, can switch the magnetization directly and the field-like torque can lower the energy barrier for switching [26] . In the oxide/FM/NM trilayers, due to the structural inversion asymmetry, the Rashba effect and the SHE coexists. Both the Rashba and spin Hall effects can generate field-like τ F (∼ H F ) and damping-like τ D (∼ H D ) torques. Although this may benefit the magnetization switching, it is difficult to precisely separate and quantitatively investigate the spin-orbit physics in metallic heterostructures.
In this paper, we fabricate Pt/Co/Pt trilayers with asymmetric thicknesses of the top and bottom Pt layers [see Fig. 1(a) ] to study the SOT purely generated by the SHE in a large range of temperatures. Since the Rashba SOTs, which can be induced at the top Pt/Co and bottom Co/Pt interfaces, are cancelled out due to the opposite signs of the Rashba SOTs generated at the two interfaces [27] [28] [29] [30] , the asymmetric Pt/Co/Pt structure allows us to quantitatively study the SOT purely generated by the SHE. In the case of symmetric thicknesses of the top and bottom Pt layers, the charge current density j c in both Pt layers will be same, leading to the complete elimination of the SOT due to the SHE. The charge current density j c is still same in both Pt layers even by setting different thicknesses of both Pt layers. However, the spin current density injected into the Co layer from both Pt layers will be asymmetric due to the effect of spin diffusion and relaxation as shown in Fig. 1(b) . 
with j s = −(σ/2e)∇δµ s + θj c , where δµ s is the difference in the electrochemical potential for up and down spin electrons and λ is the spin diffusion length. σ is the electrical conductivity and θ is the spin Hall angle. Therefore, a nonzero spin current is injected into the Co layer, generating the spin Hall torque in the asymmetric structure. Through conducting the vector measurements of the current-induced effective fields, we confirm that the Rashba SOT is negligible in the Pt/Co/Pt trilayers. Moreover, in order to precisely determine the value of the spin Hall torque, the complete cancelation of the spin Hall torque has been verified by fabricating symmetric Pt/Co/Pt structure on SiO 2 and Gd 3 Ga 5 O 12 (GGG) substrates.
We found that despite of the complete cancelation on the GGG substrate, the spin Hall torque cannot be completely canceled out even when the top and bottom Pt layers have same thicknesses on the SiO 2 substrate, which suggests that Pt/Co/Pt trilayers on a GGG substrate is a suitable system for precise measurements of the SOT purely generated by the SHE. The dependence of the spin Hall torque with temperatures has also been clarified.
II. EXPERIMENTAL METHODS
For the sample fabrication, Pt/Co/Pt films were deposited on a thermally oxidized Si (SiO 2 ) substrate and a Gd 3 Ga 5 O 12 (GGG) (111) substrate at room temperature by rf magnetron sputtering. Before the deposition, the films were patterned into 10 µm×100 µm
Hall bar shape by standard photolithography, and lift off technique was used to take off the rest part of the films after deposition. To quantitatively evaluate the roughness at the top Pt/Co and bottom Co/Pt interfaces, we measured X-ray reflectivity (XRR) with a Bruker D8 Discover diffractometer by applying Cu K α radiation for a Pt(5 nm)/Co(1.1 nm)/Pt(2 nm)/GGG trilayer. As shown in Fig. 1(c) , the high-order peaks of the Kiessig fringes can be clearly detected, which indicates smooth interfaces and surface conditions. The measured spectrum was fitted using the Bruker LEPTOS software with the Levenberg-Marquardt Design) in temperature range of 10 to 300 K. The vector measurements were taken by using two lock-in amplifiers with a current frequency of 507.32 Hz.
III. RESULTS AND DISCUSSION
In order to confirm that the SOTs due to the Rashba effect is eliminated in our designed devices, vector measurements of the current-induced effective fields were conducted for the symmetric Pt Hall voltage typically contains contributions from the anomalous Hall effect (AHE) and the planar Hall effect (PHE). From the magnetic field dependence of V ω and V 2ω , the effective fields associated with the field-like torque H F and damping-like torque H D were calculated using the following equation in which the PHE contribution is included [24] :
where ξ = ∆R PHE /∆R AHE and
Here, H y and H x are the applied external magnetic field in transverse (align with the yaxis) and longitudinal (align with the x-axis) direction. The Hall resistance due to the PHE, ∆R PHE , and that due to the AHE, ∆R AHE , were measured for the Pt/Co/Pt devices. The determined ξ = ∆R PHE /∆R AHE are ξ = 0.125 for the Pt/Co/Pt/GGG trilayer and ξ = 0.121
for the Pt/Co/Pt/SiO 2 trilayer. Thus, the denominator of Eq. (2) for the Pt/Co/Pt trilayers used in the present study is 1 − 4ξ 2 ≃ 0.94 and H F(D) can be approximated to be
As shown in Figs. 2(a) and 2(b), the first harmonic voltage V ω signal is clearly observed for the symmetric Pt/Co/Pt/GGG trilayer both when the external magnetic field is applied along the x and y axes. However, we observed no obvious second harmonic voltage V 2ω :
∂V 2ω /∂H y(x) = 0. This demonstrates that both the damping-like H D and field-like H F effective fields are vanishingly small in the present system [see Eqs. (3) and (4)].
The negligible damping-like and field-like SOTs in the Pt/Co/Pt/GGG trilayer indicates that the Rashba SOTs, which can be induced at the top Pt/Co and bottom Co/Pt interfaces, are eliminated because of the symmetric structure. In the symmetric Pt/Co/Pt trilayer, the damping-like and field-like torques due to the SHE is expected to disappear because the net spin current injected into the Co layer is zero as shown in Fig. 1(b) . The dampinglike and field-like torques due to the Rashba effect are also expected to be cancelled out due to the opposite signs of the Rashba SOTs generated at the top Pt/Co and bottom Co/Pt interfaces. However, the cancelation of the Rashba SOTs can be incomplete when the two interfaces are not identical. Thus, the negligible SOTs in the symmetric Pt/Co/Pt trilayer can also be explained as that the non-negligible Rashba SOTs due to the incomplete cancelation is canceled by nonzero SOTs due to the SHE because of possible asymmetry in the top and bottom Pt layers. However, this possibility is unlikely to be origin of the negligible SOTs in the symmetric Pt/Co/Pt trilayer, since this situation has to satisfy two strict requirements: firstly, the damping-like torques generated by the Rashba and SHE have the same magnitude and opposite sign; secondly, the field-like torques generated by the Rashba and SHE also have the same magnitude and opposite sign. Therefore, the negligible damping-like and field-like torques in the symmetric Pt/Co/Pt structure suggests that both the SOTs generated by the Rashba and SHE are vanishingly small; although the Rashba SOTs can be induced at the Pt/Co interface, they are largely eliminated in the present system because of the nearly identical Pt/Co and Co/Pt interfaces, which is supported by the XRR data shown in Fig. 1(c) . Although the field-like torque has been observed in metallic heterostructures previously, most of the previous studies used asymmetric devise structures, such as Pt/Co/MgO, Ta/CoFeB/MgO, Pt/Co/AlO x , and Pt/Co/Ta, which makes it difficult to separate the Rashba and spin Hall torques in these devices. In contrast to these studies, in the present study, we use the symmetric Pt/Co/Pt structure to minimize SOTs arising from the inversion asymmetry, which would provide a simpler platform for studying the SOTs arising from the SHE. Fig. 1(a) ]. In order to avoid thermal effects generated by the current, the experiment was conducted at 250 K. As shown in Figs. 3(a) and 3(b), by reversing the direction of the external in-plane magnetic field, the polarity of the magnetization switching is also reversed, which is consistent with the SHE-induced magnetization switching [4] . The corresponding switching phase diagrams (SPDs) are plotted in The above experimental results demonstrate that the Rashba effect is eliminated and nonzero spin Hall torque is responsible for the manipulation of the magnetization in the asymmetric Pt/Co/Pt structures. Here, the top and bottom Pt layers generate the dampinglike torque in opposite directions (i.e., defined as τ t and τ b ), and the net effective field [4] Fig. 4(b) . Figure 4( can also be induced by current-induced inhomogeneous sample heating, which gives rise to additional contribution to the second harmonic voltage V 2ω . The ANE contribution to V 2ω
can be determined by measuring the harmonic voltage as a function of the magnetic field along the z direction, H z [18] . However, we observed that V 2ω is negligible for the asymmetric Pt/Co/Pt structure as shown in Fig. 5(d) , and thus we neglected the ANE contribution to V 2ω in the present system.
To quantitatively discuss the temperature dependence of the damping-like torque shown Co/Pt interfaces, the net spin current density j s = j t − j b injected into the Co layer is obtained as
where θ is the spin Hall angle of Pt. λ N(F) and σ N(F) are the spin diffusion length and electrical conductivity of Pt (Co). d (5) and (6) with θ = 0.24, [33, 34] . Here, M s = 720 emu/cm 3 , measured with a vibrating sample magnetometer, was used for the calculation. The slight decrease of the damping-like torque, purely generated by the SHE, by decreasing T is mainly due to the temperature dependence of the saturation magnetization M s in the Co layer. As shown in Fig. 5(c) , by assuming negligible temperature dependence of the other parameters, which is practical [35] , the T dependence of H D /J is well reproduced with Eqs. (5) and (6) 
